Intrinsic motivation is the inherent tendency to seek out novelty and challenge, to explore and investigate, and to stretch and extend one's capacities (Ryan & Deci, 2000 , 2017 . It is a naturally occurring inclination toward exploration, spontaneous interest, and environmental mastery that emerges when the individual anticipates discovering new information (exploration), learning something new (spontaneous interest), and developing and extending existing capacities (environmental mastery). These volitional pursuits generate subjective feelings of interest and enjoyment as the individual gains new information (curiosity satisfaction) and develops greater capacity (competence satisfaction). These subjective feelings (interest and enjoyment) signal experiences of intrinsic satisfaction from a job well done that then function as intrinsic rewards to encourage volitional present and future engagement in that task, activity, or environment (Deci, 1992; Krapp, 2005) . Thus, intrinsic motivation is the desire to seek out novelty and explore (e.g., curiosity) and to seek out and master optimal challenge (e.g., competence) for no reason other than the resulting feelings of interest and enjoyment (Abuhamdeh, Csikszentmihalyi, & Jalal, 2015; Deci & Ryan, 1985; Loewenstein, 1994; Reeve, 1989) .
Many psychologists have shown the theoretical and practical importance of intrinsic motivation. When people engage in a task out of high (vs. low) intrinsic motivation, they show greater exploration (Reeve & Nix, 1997) , effort (Jang, Kim, & Reeve, 2016) , persistence (Vansteenkiste & Deci, 2003) , learning (Vansteenkiste, Simons, Lens, Sheldon, & Deci, 2004) , and performance (Cerasoli, Nicklin, & Ford, 2014) . Furthermore, intrinsic motivation generates a higher quality of engagement, learning, and performance than is observed with extrinsic motivation (i.e., the motivation or reason to act that arises from the offering of attractive environmental incentives and consequences that are separable from the activity itself, such as the offering of money, points, or a food reward; Deci, Koestner, & Ryan, 1999; Ryan & Deci, 2017) .
Although neuroscientific studies on extrinsic motivation are abundant, neuroscientific studies of intrinsic motivation are not . Nevertheless, some neuroscientific studies have started to examine intrinsic motivation and intrinsic motivational processes (e.g., curiosity and competence). For example, both Kang and her colleagues (2009) and Gruber, Gelman, and Ranganath (2014) examined the neural basis of intrinsic motivation when participants answered curiosity-provoking trivia questions. Similarly, Murayama, Matsumoto, Izuma, and Matsumoto (2010) examined the neural bases of intrinsic motivation when participants engaged in a Bmoderately challenging and inherently interesting^stopwatch task. In these studies, striatum activity was repeatedly observed when participants were intrinsically motivated during the task performance phase. Striatum activity is known to be associated with reward processing-which includes integrating reward-related information and generating reward-based approach behavior-and has been observed to play a crucial role in extrinsic motivation (Delgado, 2007; Haber & Knutson, 2010; O'Doherty, 2004) . These results suggest the functional importance of reward processing not only in extrinsic motivation, but also in curiosity-based and competence-based intrinsic motivation.
In a parallel program of research, other researchers have sought to identify the unique neural basis of intrinsic as compared to extrinsic motivation (Lee & Reeve, 2013; Lee, Reeve, Xue, & Xiong, 2012) . Specifically, these researchers examined neural activity while participants imagined an intrinsically motivating activity (e.g., writing an enjoyable paper) and compared it to neural activity while participants imagined the same activity but with extrinsic motivation (e.g., writing an extra-credit paper). The results showed that the anterior insular cortex (AIC) was uniquely activated during intrinsically rather than during extrinsically motivating situations. Considering that AIC activity is associated with the processing of bodily satisfaction (Goldstein et al., 2009; Naqvi & Bechara, 2009 ) and subjective feelings (Craig, 2009; Damasio, 1999) , the positive subjective feelings that arise spontaneously from activity-generated feelings of satisfaction seem to be an important source of intrinsic motivation. This idea has been supported by findings showing rather large and positive correlations between AIC activity during intrinsically motivating situations and participants' self-reported general daily intrinsic satisfaction (i.e., feeling competent and autonomous; Lee & Reeve, 2013) .
Although the previous studies identified AIC activity as a unique neural basis of intrinsic motivation, neural activity related to reward processing (e.g., striatum activity) was not observed in these studies (Lee & Reeve, 2013; Lee et al., 2012) . Two possible reasons for this omission seem likely. First, because neural differences between intrinsic and extrinsic motivation were examined in these studies, common neural activity for both types of motivation (e.g., striatum activity) could not be observed, given the experimental design. That is, these studies compared the neural bases of intrinsic versus extrinsic motivation, rather than the neural bases of high versus low intrinsic motivation (i.e., the presence vs. absence of intrinsic motivation). Therefore, in the present study we contrasted the neural activity when people performed intrinsically motivating versus comparable, but not intrinsically motivating, tasks (i.e., high vs. low intrinsic motivation). Second, the previous studies examined neural activity while people were only imagining engaging in activities. Even though actual behavior and imagined behavior both tend to activate common neural systems (Decety, 1996; Jeannerod, 2001) , in the case of intrinsic motivation there could be some neural differences between actual experiences versus imagined feelings. Therefore, it was necessary to examine neural activity during actual task performance.
To create conditions under which participants would experience high versus low intrinsic motivation, we used two tasks-the first of which contrasted curiosity-inducing (intrinsically motivating) versus non-curiosity-inducing question answering (Kang et al., 2009; Loewenstein, 1994) , and the second of which contrasted competence-enabling (intrinsically motivating) versus non-competence-enabling anagram solving (Reeve, 1989; Ryan & Deci, 2000) . Because intrinsic motivation emerges out of satisfaction related to both curiosity and competence, we expected participants' neural activity and self-reported task interest to be essentially the same on both tasks (i.e., two different operational definitions of an intrinsically motivating task).
We hypothesized that AIC activity would be related to the experimentally manipulated high versus low in-vivo actual experience of intrinsic motivation (H1). H1 would be confirmed by greater AIC activation during the performance of intrinsically, relative to non-intrinsically, motivating tasks, during both question answering and anagram solving. H1 would be further confirmed by significant correlations between participants' self-reported trial-by-trial task interest and AIC activations while performing the intrinsically motivating tasks. That is, AIC activity was predicted to occur (1) during the performance of intrinsically motivating tasks and (2) during the subjective feeling of high task interest.
We also hypothesized that the activation of brain regions related to reward processing (i.e., striatum) would be related to the experimentally manipulated high versus low intrinsic actual experience of intrinsic motivation (H2). H2 would be confirmed by greater striatum activation during the performance of intrinsically, relative to non-intrinsically, motivating tasks.
Finally, the especially new and important aspect of in the present study is that we further hypothesized that intrinsicsatisfaction-related AIC activity and reward-processingCogn Affect Behav Neurosci related striatum activity would show increased functional interactions in the intrinsic-motivation system (H3). The basis of this prediction was the proposition that the AIC and striatum interact-or work together during the experience of intrinsic motivation-to constitute the intrinsic-motivation system. We based H3 on the well-known anatomical and functional connectivity between the AIC and striatum in the motivation circuitry (Chikama, McFarland, Amaral, & Haber, 1997; Cho et al., 2013) . H3 would be confirmed by increased AIC-striatum interaction during the performance of the intrinsically, relative to non-intrinsically, motivating tasks.
Method Participants
Twenty-two undergraduates (11 females, 11 males; mean age 22.9 ± 2.87 years), recruited from a large private university in Korea, participated in the functional magnetic resonance imaging (fMRI) study. Each participant was right-handed and had normal or corrected-to-normal vision and no history of neurological illness. The participants provided informed consent and received compensation for their participation. This study was approved by the institutional review board of Korea University. Before we collected our data, we computed a power analysis for a two-group independent t test (G*Power 3; Faul, Erdfelder, Lang, & Buchner, 2007) to determine the appropriate sample size. Using p = .05 and an expected effect size of d = 1.80 (based on a threshold t ratio of 4.00), we calculated that the sample size needed to obtain a power of .95 was 20, which was similar to the sample sizes used in previous neuroscientific investigations of intrinsic motivation (Gruber et al., 2014; Kang et al., 2009 ).
Experimental tasks
Because novelty/challenge seeking and subsequent curiosity/ competence satisfaction are the defining characteristics of intrinsic motivation, two types of tasks were used: curiosityinducing versus non-curiosity-inducing question answering (Table 1) , and competence-enabling versus non-competenceenabling anagram solving (Table 2) .
Curiosity-inducing questions asked about new information in various domains (e.g., What animal can shed up to 30,000 teeth in its lifetime?), which were adopted from Kang and her colleagues' (2009) study and from trivia quiz books. In contrast, non-curiosity-inducing questions asked about alreadyknown information (e.g., What country is the world's most populous?), which were obtained from general-knowledge quiz books and high-school textbooks. Upon seeing each question, participants were asked to think of the correct answer, and participants knew that the correct answer would be provided a few seconds later. For this operational definition of high versus low curiosity-inducing stimuli, we relied on Lowenstein's (1994) information-gap perspective on curiosity. According to this perspective, when people are asked a question about information they already know, no information gap in their existing knowledge is revealed, and they do not anticipate any pleasure or satisfaction from attaining the nonmissing information. In contrast, when people are asked a question about information they do not know, the question alerts them to the existence of a suddenly salient information gap in their knowledge, and they do anticipate pleasure and satisfaction upon attaining the missing information. Constructed in this way, the curiosity-inducing questions could be expected to yield greater intrinsic motivation because they offered opportunities to discover new information, to build suspense about what would happen next, and to solve a mystery-that is, to resolve a gap in their knowledge and, hence, experience satisfaction from a feeling of knowing (Abuhamdeh et al., 2015; Deci & Ryan, 1985; Loewenstein, 1994; Silvia, 2008) . The sentence structures and lengths (in number of words) for the curiosity-inducing and noncuriosity-inducing questions were matched to be equivalent. For the present study, we selected 21 matched pairs of curiosity-inducing and non-curiosity-inducing questions based on the results of a pilot test (see the Pilot Test Results section below).
Competence-enabling and non-competence-enabling anagrams were developed on the basis of the experimental task of a previous study (Reeve, 1989) . Upon seeing each five-letter anagram, participants were asked to unscramble the five jumbled letters to produce a familiar word. The competenceenabling anagrams utilized difficult-to-decode letter patterns (e.g., BOHTMN^transposed from BMONTH^), whereas the non-competence-enabling anagrams utilized easy-to-decode letter patterns (e.g., BCLCOK^transposed from BCLOCK^). To ensure that the former anagrams were competenceenabling and interesting, rather than frustrating and too difficult (given the 7-s time limit), each anagram trial included a first-two-letters hint in the middle of its problem presentation (e.g., MO_ _ _ and CL_ _ _, for the two examples above). We provided participants with the first-two-letter hint at the 3-s mark because pilot testing had shown that the anagram solution rate was low with no hints, but very high with a first-twoletter hint, thereby assuring that participants were exposed to both optimal challenge (from the difficult-to-decode five-letter anagram) and a competence-satisfying mastery experience (enabled by the first-two-letter hint) (Clifford, 1990; Kawabata & Mallett, 2011) . The lengths (in number of letters) and hint provisions (correct first two letters) for the competence-enabling and non-competence-enabling anagrams were matched to be equivalent. For the present study, we selected 21 matched pairs of competence-enabling and non-competence-enabling anagrams based on the results of a pilot test (see the Pilot Test Results section below).
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Pilot test results
After conducting preliminary pilot work to develop the curiosity-inducing questions and the competence-enabling anagrams, we conducted further pilot tests to validate the intrinsic-motivation-generating capacity of these stimuli. In Pilot Test 1, 14 undergraduates (seven females, seven males; mean age 24.5 ± 2.53 years) from the same university viewed the curiosity-inducing and non-curiosity-inducing questions and rated how suspenseful, curiosity satisfying, interesting, and difficult to solve each question was on a scale from 1 (not at all) to 5 (a great deal). Participants' ratings for these four dependent measures, broken down by experimental condition, appear in Fig. 1A . The suspense, curiosity satisfaction, interest, and difficulty ratings were all significantly greater for the curiosity-inducing questions than for the non-curiosityinducing questions, ts(13) ≥ 10.38, ps < .001, confirming that the non-curiosity-inducing questions represented a bland version of the question-answering task, whereas the curiosityinducing questions represented an intrinsically motivating version (i.e., suspenseful, satisfying, and interesting) of the same task. We assessed the difficulty ratings to control for this possible stimulus confound in the main analyses.
In Pilot Test 2, 12 undergraduates (seven females, five males; mean age 22.7 ± 3.68 years) from the same university solved the competence-enabling versus non-competenceenabling anagrams and rated how optimally challenging, competence satisfying, interesting, and difficult to solve each anagram was on the same 5-point scale. Participants' ratings for these four dependent measures, broken down by experimental condition, appear in Fig. 1B . The challenge, competence satisfaction, interest, and difficulty ratings were all significantly greater for the competence-enabling anagrams than for the non-competence-enabling anagrams, ts(11) ≥ 4.89, ps < .001, confirming that the non-competence-enabling anagrams represented a bland version of the anagram-solving task, whereas the competence-enabling anagrams represented an intrinsically motivating version (i.e., challenging, satisfying, and interesting) of the same task. Again we assessed the difficulty ratings to control for this possible stimulus confound in the main analyses.
Procedure
An event-related fMRI experiment, which consisted of three separate runs, was performed. Each run lasted 8 min and consisted of 28 trials (i.e., seven trials each for the curiosityinducing questions, non-curiosity-inducing questions, competence-enabling anagrams, and non-competenceenabling anagrams). In each trial (Fig. 2) , one randomly selected question or anagram was presented. For the curiosityinducing and non-curiosity-inducing questions, only the question was presented for 7 s. For the competence-enabling and non-competence-enabling anagrams, only the anagram was presented for 3 s, and then the hint was added and presented together with the anagram for 4 s. During each 7-s presentation, participants were asked to think of the correct answer before it was provided. Then the correct answer was given for 3 s. After a 1-s fixation was presented, participants were asked to rate how interesting the question or anagram was on a 1 (not at all) to 4 (a great deal) scale for 2 s. Participants were asked to press one of the four buttons using their right hand in order to make this series of interest ratings. Before the next trial began, an intertrial interval was presented for an average of 4 s (2,000-6,000 ms). The trial order and intertrial interval Before the fMRI scanning, participants received the task instructions. During the fMRI scanning, functional images were acquired while participants performed the experimental task, and structural images were then obtained. After the experiment was over, participants were debriefed.
fMRI data acquisition
A 3-T Trio MRI scanner (Siemens, Erlangen, Germany) was used for functional and structural imaging. A series of 32-slice functional images were acquired using a T2*-weighted gradient-echo echo-planar imaging (EPI) sequence sensitive to a blood-oxygenation-level-dependent (BOLD) contrast. The following parameters were used for the functional images: TR = 2,000 ms, TE = 30 ms, flip angle = 90°, field of view = 224 × 224, in-plane resolution = 3.5 × 3.5 mm, and slice thickness = 4 mm with no gap. After we had obtained the functional images, high-resolution T1-weighted structural images were acquired by using an MP-RAGE sequence with the following parameters: TR = 1,900 ms, TE = 2.52 ms, flip angle = 9°, field of view = 256 × 256, in-plane resolution = 1 × 1 mm, and slice thickness = 1 mm with no gap. The structural images were used for anatomical localization in order to facilitate precise determination of the structures corresponding to the functional activation foci.
fMRI data analysis
The brain images were analyzed by using the AFNI software (Cox, 1996 ; http://afni.nimh.nih.gov). The first three images of each run were discarded in order to allow the hemodynamics and MRI signals to reach a steady state. In preprocessing, the Fig. 2 Experimental task and experimental design. In each trial, one randomly selected question or anagram was presented for 7 s, during which participants were asked to think of the correct answer before it was provided. For anagrams, after 3 s had passed, the hint was added for 4 s. After a 1-s fixation was presented, participants were asked to rate how interesting the question or anagram had been. CUR: curiosityinducing questions, NCUR: non-curiosity-inducing questions, COMP: competence-enabling anagrams, NCOMP: non-competence-enabling anagrams Fig. 1 Participants' mean suspense, curiosity satisfaction, interest, and difficulty ratings for curiosity-inducing and non-curiosity-inducing questions are presented (A). The curiosity-inducing questions were rated as being significantly more suspenseful, curiosity satisfying, interesting, and difficult than the non-curiosity-inducing questions. Participants' mean challenge, competence satisfaction, interest, and difficulty ratings for competence-enabling and non-competence-enabling anagrams are also presented (B). The competence-enabling anagrams were rated as being significantly more optimally challenging, competence satisfying, interesting, and difficult than the non-competence-enabling anagrams. CUR: curiosity-inducing questions, NCUR: non-curiosity-inducing questions, COMP: competence-enabling anagrams, NCOMP: non-competence-enabling anagrams Cogn Affect Behav Neurosci functional images were interpolated to the same time point at the beginning of the TR for temporal alignment. Then, the temporally aligned functional images were registered to the structural images of each participant for spatial alignment and registered to the base volume of the functional images for head motion correction. The spatially realigned functional images were spatially blurred with a 5-mm full-width at halfmaximum (FWHM) Gaussian kernel. After the values of voxels outside the brain were excluded, the functional data were normalized as percentages of the mean to conduct the statistical analyses.
In individual-level analyses, each participant's preprocessed time series data were analyzed using a general linear model (GLM) with 14 regressors convoluted with hemodynamic response functions (HRF). Four regressors were included for the time periods that correct answers were presented (i.e., the moment that curiosity or challenge, if it existed, was satisfied) in the two experimental conditions (i.e., curiosity-inducing questions, competence-enabling anagrams) and in the two corresponding control conditions (i.e., non-curiosity-inducing questions, noncompetence-enabling anagrams). Four regressors were included for the exact time points that participants responded to the interest ratings in the experimental and control conditions, to control for the effects of motor artifacts. Six regressors were included for head motion parameters, to control for the effects of head motion artifacts. Each participant's statistical data were transformed so as to fit the Montreal Neurological Institute (MNI) template using her or his standardized high-resolution structural images and were resampled to 2 × 2 × 2 mm 3 voxels. In the group-level analyses, subtraction analysis was first conducted to identify the neural substrates when participants performed intrinsically motivating tasks (i.e., curiosityinducing questions, competence-enabling anagrams) as compared to when they performed non-intrinsically-motivating tasks (i.e., non-curiosity-inducing questions, non-competenceenabling anagrams). Subtraction analyses comparing the neural differences between curiosity-inducing and non-curiosityinducing questions and between competence-enabling and non-competence-enabling anagrams were then conducted separately as supplemental analyses. For correcting multiple comparison inferences in the subtraction analyses, the Monte Carlo simulation method (Forman et al., 1995) was used, which determined the cluster-wise threshold (corrected p < .05) considering both the voxel-wise threshold (p < .001) and cluster size (n ≥ 25, a minimum volume of 200 mm 3 ).
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To control for the possible confounding effects of task difficulty, a supplemental subtraction analysis was conducted-namely, the neural activations during the performance of intrinsically motivating tasks were compared to those during the performance of non-intrinsically-motivating tasks after controlling for trial-specific task difficulty. For this analysis, each participant's preprocessed data were analyzed using another GLM considering the difficulty level of each question and anagram, obtained from the pilot test results (recall Fig. 1) , as a covariate parameter. The only difference between this GLM and the original one was that the regressors for the experimental and control conditions were modulated by the task difficulty rating for each question or anagram. The individual-level data based on this GLM allowed us to separate the neural activations of each condition, with task difficulty effects partialed out, from the neural activations correlated with the task difficulty of each condition. In the group-level analysis, we conducted the subtraction analysis by directly contrasting the neural activity of the intrinsically motivating tasks versus the neural activity of the non-intrinsically-motivating tasks, using the individual-level data with task difficulty effects partialed out. To correct for multiple comparison inferences in the subtraction analysis, we used the cluster-wise threshold (correct p < .05), determined by the voxel-wise threshold (p < .001) and the cluster size (n ≥ 25, a minimum volume of 200 mm 3 ). We conducted a parametric analysis to identify the brain regions correlated with the degree of participants' trial-bytrial self-reported interest during the performance of intrinsically motivating tasks. For this analysis, each participant's preprocessed data were analyzed using another GLM considering the participants' ongoing interest ratings on all curiosity-inducing questions and competence-enabling anagrams as modulating parameters. In this GLM, the regressors for the experimental and control conditions were modulated by each participant's interest rating for each question or anagram. The individual-level data based on this GLM allowed us to separate the neural activations modulated by participants' interest in each condition from the neural activations of each condition, with interest effects partialed out. In the group-level analysis, we conducted a parametric analysis on the individual-level data modulated by participants' interest to identify the brain regions correlated with the degree of participants' interest during performance of the intrinsically motivating tasks. For correcting multiple comparison inferences in the parametric analysis, we used the cluster-wise threshold (correct p < .05), determined by the voxel-wise threshold (p < .005) and the cluster size (n ≥ 52, a minimum volume of 416 mm 3 ). To understand the neural interaction patterns of intrinsic motivation, psychophysiological interaction (PPI; Friston et al., 1997) analyses were performed. Because the striatum is a well-known region for human motivation (Delgado, 2007;  1 Considering Bthe balance between Type I and Type II error rates ( Lieberman & Cunningham, 2009) , we preferred using a relatively liberal voxel-wise threshold and a larger minimum cluster size (e.g., p < .005 with at least 52 contiguous voxels) to using a conservative voxel-wise threshold and smaller minimum cluster size (e.g., p < .001 with at least 25 contiguous voxels), which possibly simplifies such phenomena as publishing Blarge and obvious effects.^For spatial specificity, however, we used the conservative voxel-wise threshold and smaller minimum cluster size for the subtraction analyses of this study.
Cogn Affect Behav Neurosci Haber & Knutson, 2010; O'Doherty, 2004) , the regions of left and right striatum activated in the subtraction analysis between intrinsically motivating tasks versus non-intrinsicallymotivating tasks were chosen as the seed brain regions for the PPI analyses. For these PPI analyses, each participant's preprocessed data were analyzed using another GLM. In this GLM, the regressors for the neural responses of the striatum and its neural interactions with each of the experimental and control conditions were additionally included, as well as the regressors considered in the original GLM. In the group-level analyses, we examined the neural interactions of the left and right striatum with other brain regions during the performance of intrinsically motivating as compared to non-intrinsicallymotivating tasks. To correct for multiple comparison inferences in the PPI analyses, we used the cluster-wise threshold (correct p < .05), determined by the voxel-wise threshold (p < .005) and the cluster size (n ≥ 52, a minimum volume of 416 mm 3 ). The brain regions significantly activated in the group-level analyses were reported in MNI coordinates. Regions of interest (ROIs) were set from the brain regions significantly activated in these analyses, and the BOLD signal changes in these ROIs were compared across conditions to understand the neural activation differences. To avoid the issue of nonindependence bias (Kriegeskorte, Simmons, Bellgowan, & Baker, 2009 ), a leave-one-subject-out (LOSO) method (Esterman, Tamber-Rosenau, Chiu, & Yantis, 2010) was used in the analyses of ROIs. That is, we left out one participant's individuallevel data, ran 22 independent group-level analyses using only the 21 remaining participants' individual-level data to define the independent clusters of the ROIs, and extracted the BOLD signal changes in these ROIs from the left-out participants' data.
Results
Behavioral results
To complete a manipulation check in the main study to confirm the intrinsic-motivation-generating capacity of the stimuli, participants made interest ratings on a 1-4 scale (i.e., How interesting was it?) following each curiosity-inducing, non-curiosity-inducing, competence-enabling, and non-competenceenabling trial. The curiosity-inducing questions (M = 3.08 ± 0.08) and competence-enabling anagrams (M = 2.35 ± 0.09) were rated as being significantly more interesting (i.e., significantly more intrinsically motivating) than the non-curiosityinducing questions (M = 1.64 ± 0.12) and non-competenceenabling anagrams (M = 1.87 ± 0.12), respectively: t(21) = 11.11, p < .001, for curiosity-inducing versus non-curiosityinducing questions; t(21) = 6.56, p < .001, for competenceenabling versus non-competence-enabling anagrams.
fMRI results
The results of the subtraction analysis (Table 3) revealed that both bilateral AIC (Fig. 3A) and striatum (Fig. 3B) were more activated when participants performed intrinsically motivating tasks (i.e., curiosity-inducing questions, competence-enabling anagrams) than when they performed non-intrinsically-motivating tasks (i.e., non-curiosityinducing questions, non-competence-enabling anagrams) (p < .001 with at least 25 contiguous voxels; corrected p < .05). BOLD signal changes in the ROIs (i.e., AIC, striatum) were compared across conditions, which confirmed greater activity of bilateral AIC and striatum during the performance of intrinsically motivating tasks than during the performance of non-intrinsically-motivating tasks (Fig. 3) . In addition to these hypothesized brain regions, the left thalamus, bilateral cerebellum, bilateral dorsolateral prefrontal cortex (DLPFC), right medial frontal gyrus, left precentral gyrus, left angular gyrus, and right occipital lobe were also more activated when participants performed intrinsically motivating tasks than when they performed nonintrinsically-motivating tasks (p < .001 with at least 25 contiguous voxels; corrected p < .05).
The results of a subtraction analysis broken down specifically by curiosity-inducing versus non-curiosity-inducing questions appear in Table 4 , whereas the results of a subtraction analysis broken down specifically by competenceenabling versus non-competence-enabling anagrams appear in Table 5 . The important point within these supplemental analyses is that the AIC and striatum were both more activated on both the curiosity-inducing questions and the competenceenabling anagrams.
The results of the subtraction analysis while controlling for the effects of task difficulty (see Table 6 ) showed very similar neural activation patterns, as can be seen by a comparison of the results in Table 3 with those in Table 6 . In particular, the AIC and striatum consistently showed greater activation during the performance of intrinsically motivating tasks than during the performance of non-intrinsically-motivating tasks, even when controlling for the effects of the difficulty levels of all questions and anagrams (p < .001 with at least 25 contiguous voxels; corrected p < .05). 2 2 We conducted a supplementary parametric analysis to determine brain activations that covaried with task difficulty. As the difficulty level of each curiosity-inducing question or competence-enabling anagram increased, the left occipital lobe (peak MNI coordinate: -20, -84, -12; maximum t value = 3.66; volume: 856 mm 3 ) showed greater activations during the performance of intrinsically motivating tasks, whereas the right precuneus (peak MNI coordinate: 6, -68, 24; maximum t value = 4.16; volume: 1,312 mm 3 ) and left paracentral lobe (peak MNI coordinate: -2, -20, 52; maximum t value = 4.20; volume: 688 mm 3 ) showed greater deactivations (p < .005 with at least 52 contiguous voxels; corrected p < .05). These analyses are important because they show that the neural activation patterns associated with task difficulty were not similar to those associated with intrinsically motivating as compared to non-intrinsically motivating tasks and with self-reported interest ratings.
Cogn Affect Behav Neurosci Fig. 3 Bilateral anterior insular cortex (AIC) (A) and striatum (B) were more activated during the performance of intrinsically motivating tasks than during the performance of non-intrinsically-motivating tasks (p < .001 with at least 25 contiguous voxels; corrected p < .05). BOLD signal changes across the conditions are presented. For spatial specificity, BOLD signal changes in the left AIC were extracted from the activations observed at the conservative voxel-wise threshold (p < .00005). The cluster-wise threshold (correct p < .05) was determined by the voxel-wise threshold (p < .001) and the cluster size (n ≥ 25, a minimum volume of 200 mm 3 ). a The activations of the dorsolateral prefrontal cortex and anterior insular cortex were not observed separately at this cluster-wise threshold. However, these activations were separable, and both were statistically significant at the conservative voxel-wise threshold (p < .00005) and smaller minimum volume (n ≥ 9, a minimum volume of 72 mm 3 ) that corresponded to corrected p < .05 The cluster-wise threshold (correct p < .05) was determined by the voxel-wise threshold (p < .001) and the cluster size (25 contiguous voxels; 200 mm 3 ). a The activations of the dorsolateral prefrontal cortex and anterior insular cortex were not observed separately at this cluster-wise threshold. However, these activations were separable, and both were statistically significant at the conservative voxel-wise threshold (p < .00005) and smaller minimum volume (nine contiguous voxels; 72 mm 3 ) that corresponded to corrected p < .05 The cluster-wise threshold (correct p < .05) was determined by the voxel-wise threshold (p < .001) and the cluster size (25 contiguous voxels; 200 mm 3 ). a The activations of the dorsolateral prefrontal cortex and anterior insular cortex were not observed separately at this cluster-wise threshold. However, these activations were separable, and both were statistically significant at the conservative voxel-wise threshold (p < .0001) and smaller minimum volume (11 contiguous voxels; 88 mm 3 ) that corresponded to corrected p < .05
The results of the parametric analysis (Table 7) showed that when a curiosity-inducing question or competence-enabling anagram was perceived to be relatively interesting, the left AIC was more activated (p < .005 with at least 52 contiguous voxels; corrected p < .05). Together with the AIC, the left thalamus, right cerebellum, left DLPFC, left medial frontal gyrus, right inferior frontal gyrus, left postcentral gyrus, left precuneus, left fusiform gyrus, and bilateral occipital lobe also showed greater activations as the curiosity-inducing question or competence-enabling anagram was being perceived to be The cluster-wise threshold (correct p < .05) was determined by the voxel-wise threshold (p < .001) and the cluster size (25 contiguous voxels; 200 mm 3 ). a The activations of the dorsolateral prefrontal cortex and anterior insular cortex were not observed separately at this cluster-wise threshold. However, these activations were separable, and both were statistically significant at the conservative voxel-wise threshold (p < .00001) and smaller minimum volume (five contiguous voxels; 40 mm 3 ) that corresponded to corrected p < .05 The cluster-wise threshold (correct p < .05) was determined by the voxel-wise threshold (p < .005) and the cluster size (n ≥ 52, a minimum volume of 416 mm 3 )
Cogn Affect Behav Neurosci more interesting (p < .005 with at least 52 contiguous voxels; corrected p < .05). No brain region showed significantly greater deactivation as the curiosity-inducing question or competence-enabling anagram was being perceived to be more interesting. PPI analyses revealed that the right striatum (peak coordinates of the seed brain region: 10, -2, -8; volume: 656 mm 3 ) showed greater positive interactions with the left AIC (peak MNI coordinate: -36, 10, 0; maximum t value = 4.51; volume: 480 mm 3 ; Fig. 4 ) and the right fusiform gyrus (peak MNI coordinate: 38, -50, -14; maximum t value = 4.52; volume: 432 mm 3 ) during the performance of intrinsically motivating tasks than during the performance of non-intrinsicallymotivating tasks (p < .005 with at least 52 contiguous voxels; corrected p < .05). No brain region showed significantly greater negative correlation with the right striatum during the performance of intrinsically motivating tasks than during the performance of non-intrinsically-motivating tasks.
In the case of the left striatum (peak coordinates of the seed brain region: -20, 2, 8; volume: 608 mm 3 ), no brain region showed significantly greater positive correlation with this brain region during the performance of intrinsically motivating tasks than during the performance of non-intrinsically-motivating tasks. In contrast, the left striatum showed greater negative correlations with the left inferior temporal gyrus (peak MNI coordinate: -56, -34, -4; maximum t value = 4.29; volume: 1,000 mm 3 ) and right postcentral gyrus (peak MNI coordinate: 70, -18, 24; maximum t value = 4.49; volume: 520 mm 3 ) during the performance of intrinsically motivating tasks than during the performance of non-intrinsically-motivating tasks (p < .005 with at least 52 contiguous voxels; corrected p < .05).
Discussion
We sought to identify the neural substrates of intrinsic motivation during actual task performance. To do so, we operationally defined intrinsic motivation in two ways that allowed us to fully represent the conceptual definition of intrinsic motivation-namely, answering curiosity-inducing (vs. noncuriosity-inducing) questions and solving competenceenabling (vs. non-competence-enabling) anagrams. When we examined participants' neural activity under both of these conditions, we found that the intrinsic-motivation neural system involved (1) AIC activity (see Fig. 3A ), (2) striatum activity (see Fig. 3B ), and (3) AIC-striatum interactions (see Fig. 4 ).
The AIC activation during intrinsically motivating activities was consistent with previous findings showing that the AIC is recruited when participants imagined that they were engaging in intrinsically motivating tasks or activities (Lee & Reeve, 2013; Lee et al., 2012) . Therefore, AIC activity seems to be an important part of the intrinsic-motivation system not only when people imagine experiencing, but also when they actually experience, intrinsic motivation. The AIC is known to be associated with the processes of Bsubjective feelings from the body^ (Craig, 2009; Damasio, 1999; Damasio & Carvalho, 2013) . Specifically, it represents internal bodily needs (e.g., hunger, drug craving), monitors bodily states related to these needs (e.g., satiation, deprivation), and integrates the bodily information into subjective feelings (Goldstein et al., 2009; Naqvi & Bechara, 2009; Naqvi, Rudrauf, Damasio, & Bechara, 2007) . We therefore conclude that AIC activity from feelings of intrinsic satisfaction is a key source of intrinsic motivation, a conclusion further supported by the positive correlation between participants' self-reported ongoing (trial-by-trial) task interest and the extent of AIC activity when participants performed intrinsically motivating tasks.
Striatum activity was also recruited when participants engaged in tasks designed to enhance intrinsic motivation during task performance. The striatum is known to play a crucial role in reward processing (Delgado, 2007; Haber & Knutson, 2010; O'Doherty, 2004) . That is, it receives and integrates reward-related information from cortical and subcortical regions and produces approach behaviors based on this reward-related information. In this regard, contemporary neuroscience suggests that striatum activity is a central part of Fig. 4 Right striatum showed greater positive interaction with the left AIC during the performance of intrinsically motivating tasks than during the performance of non-intrinsically-motivating tasks (p < .005 with at least 52 contiguous voxels; corrected p < .05) Cogn Affect Behav Neurosci extrinsically generated motivation (Berridge, 2004; Cardinal, Parkinson, Hall, & Everitt, 2002; Liljeholm & O'Doherty, 2012) . Recent neuroscience studies have reported, however, that the striatum is activated not only when participants experience extrinsic motivation during task performance, but also when they experience intrinsic motivation during task performance (e.g., resolving curiosity, feeling competent; Gruber et al., 2014; Kang et al., 2009; Murayama et al., 2010) . We therefore conclude that striatum activity during tasks rated as suspenseful, challenging, satisfying, and interesting (see Fig. 1 ) generates Bintrinsic^reward.
We observed AIC-striatum interactions during intrinsically motivating activities. That is, AIC and striatum activities positively interacted more during the performance of intrinsically, relative to non-intrinsically, motivating tasks. This finding is consistent with previous neuroscientific findings showing functional connectivity between the AIC and striatum (Cho et al., 2013; Postuma & Dagher, 2006) . This functional connectivity pattern is consistent with well-established anatomical connections between the AIC and striatum (Chikama et al., 1997; Singer, Critchley, & Preuschoff, 2009) . Some researchers have viewed this connectivity as the integration of bodily information and reward-related information during the processes of subjective feelings (Craig, 2009) . In contrast, others have viewed this connectivity as the process that some subjective feelings lead to approach behaviors (Cho et al., 2013; Damasio & Carvalho, 2013; Naqvi & Bechara, 2009) . Despite these somewhat different views, the functional connectivity result observed in the present study suggests that the interaction between AIC and striatum activities shows that the intrinsic-motivation system involves feelings of inherent satisfaction, intrinsic reward processing, and an exchange of information between these feelings of interest and intrinsic reward processing. As such, the findings from the PPI analysis show that not only is the AIC involved in the intrinsic-motivation system (Lee & Reeve, 2013; Lee et al., 2012) and not only is the striatum involved in the intrinsic-motivation system (Gruber et al., 2014; Kang et al., 2009; Murayama et al., 2010) , but these two brain areas work together interactively (rather than independently) in the intrinsic-motivation system. These findings help identify what intrinsic motivation is and is not. As we introduced in the article's opening paragraph, intrinsic motivation is, theoretically and conceptually, the inherent tendency to seek out novelty and challenge, to explore and investigate, and to stretch and extend one's capacities. In the present study, we offered participants activities that were (1) suspenseful, curiosity-satisfying, and interesting and (2) optimally challenging, competence satisfying, and interesting (Figs. 1A and B) . These same intrinsic-motivationgenerating stimuli were also more difficult to solve than were their non-curiosity-inducing and non-competence-enabling counterparts. Task difficulty is not a defining characteristic of an intrinsically motivating activity; rather, it is inherently intertwined with learning new information and mastering optimal challenges, which are defining characteristics of an intrinsically motivating activity. This is why we elected to statistically control for task difficulty as a potentially confounding stimulus characteristic. Our analysis that controlled for task difficulty confirmed that novelty and challenge were defining characteristics, whereas task difficulty was incidental (Table 6 ). That said, other stimulus properties beyond task difficulty might also be inherently intertwined with the piquing of curiosity (e.g., how surprising or arousing the stimulus is) and with the offering of optimal challenge (e.g., how information-rich or feedback-generating the stimulus is).
We encourage future research to investigate these possible stimulus confounds (in the same way we investigated the incidental status of task difficulty in the present study), but our position on what intrinsic motivation is-based on the extensive literature in psychology (Ryan & Deci, 2017) -is the following: Encountering environmental novelty, having an opportunity to discover new information, feeling suspense over what might come next, anticipating satisfaction from attaining new information, actually assimilating that new information, and solving a mystery collectively activate intrinsic motivation (via curiosity anticipation and satisfaction), just as encountering optimal challenge, having an opportunity to stretch and expand one's skills, feeling enjoyment from being challenged, anticipating satisfaction from a job well done, actually experiencing mastery and effectiveness from making progress, and developing greater capacity also collectively activate intrinsic motivation (via competence anticipation and satisfaction; Abuhamdeh & Csikszentmihalyi, 2012; Abuhamdeh et al., 2015; Deci & Ryan, 1985; Loewenstein, 1994; White, 1959) . This conceptualization of intrinsic motivation as the pursuit and satisfaction of intrinsic rewards is consistent not only with the psychological literature but also with the functional role of the AIC in the pursuit, monitoring, and satisfaction of intrinsic rewards (Craig, 2009; Naqvi & Bechara, 2009) , such as when people assimilate new information (seeking and satisfying curiosity) and when they master optimal challenges (seeking and satisfying competence).
Greater activation of frontal areas (e.g., DLPFC, medial frontal gyrus) was also observed when participants performed intrinsically motivating tasks than when they performed nonintrinsically-motivating tasks. Considering these frontal areas are well-known regions for higher-order cognitive processes (e.g., cognitive control, performance monitoring) (Carter et al., 1998; Miller & Cohen, 2001) , the experiences of intrinsic motivation may play a role in mobilizing cognitive processes during task performance. This interpretation was supported by the results of the supplementary subtraction analysis, that increased activations of these frontal areas during the performance of intrinsically motivating tasks were also observed even after controlling for the effects of the difficulty Cogn Affect Behav Neurosci of each question or anagram (see Table 6 ). This interpretation was also supported by the results of the parametric analyses, that these frontal region activations were positively correlated with participants' interest during the performance of intrinsically motivating tasks, whereas they were not significantly correlated with the difficulty of each curiosity-inducing question or competence-enabling anagram. This means that people generated more mental effort during task performance not as the question or anagram became more difficult, but instead as they experienced greater task interest (intrinsic motivation).
This study has possible limitations that both constrain the interpretation of the present findings and invite future research to determine how much of a concern the limitations might be. The first limitation was that our experimental manipulations to create curiosity and competence satisfactions involved not only core intrinsically motivated processes but also the cognitive effort required to achieve these satisfactions (answer the questions, solve the anagrams). That is, our experimental conditions stimulated both intrinsic motivation and mental effort, whereas our control conditions stimulated neither intrinsic motivation nor mental effort. This was true in our investigation, and it was also true in the previous investigations of intrinsic motivation involving curiosity-inducing questions (Gruber et al., 2014; Kang et al., 2009 ) and competenceenabling challenges (Murayama et al., 2010) . Therefore, it is important to know whether intrinsic motivation manipulated by other experimental paradigms might also recruit the neural circuit observed in this study. One way to do this would be to have participants all engage in exactly the same task (to control for cognitive effort requirements) but for two different reasons, such as intrinsic-motivation-facilitating reasons (e.g., Bdo it only for personal interest^) versus intrinsicmotivation-suppressing but extrinsic-motivation-facilitating reasons (e.g., Bdo it only for monetary compensation^). We suggest this research question for future investigations.
A second limitation was that our experimental design (Fig. 2) left us unable to separate the neural activations when participants experienced presolution suspense and challenge versus when participants experienced postsolution curiosity and competence satisfaction. In our research design, the presolution and postsolution phases were closely linked because participants knew that satisfying solutions to the questions and anagrams would be forthcoming in seconds. Given this, we elected to study intrinsic motivation as a unitary experience and to analyze participants' neural activity during the last few seconds of each trial, which represented the maximum point of participants' curiosity and competence satisfaction. But a different research design is possible. With both curiosity and competence, an initial presolution suspense and challenge phase is then followed by a postsolution curiosity and competence satisfaction phase. These two phases within an episode of intrinsic motivation could be investigated separately, by introducing a jittered interstimulus interval between the presolution and postsolution phases, for instance. Such a research design could address the question as to whether or not curiosity and competence might be understood as two distinct motivational events that feature important early-phase and late-phase neural differences.
A third limitation to acknowledge would be our lack of an objective behavioral measure of intrinsic motivation. It is common in laboratory investigations of intrinsic motivation to assess intrinsic motivation through both a self-report interest rating and a Bfree-choice behavioral measure of intrinsic motivation,^which is the amount of time that a participant plays with the experimental task during a postexperimental free-choice period (Deci et al., 1999) . Our particular experimental paradigm did not lend itself well to the inclusion of such a behavioral measure, but we acknowledge that future studies could offer participants postscanner questions and anagrams to confirm that the curiosity-inducing questions and competence-enabling anagrams were intrinsically motivating, whereas the non-curiosity-inducing questions and noncompetence-enabling anagrams were not.
Finally, we found functional connectivity between the right striatum and the left AIC, whereas we did not find functional interactions of the left striatum with the AIC. We did not formulate an a priori hypothesis regarding this, because previous findings could not suggest consistent hemispheric differences in AIC-striatum interactions related to intrinsic motivation. However, these hemispheric differences seem to be an interesting research question for future investigations.
Despite these possible limitations, we found that AIC activity, striatum activity, and their functional interactions are key components of the intrinsic-motivation neural system. This means that AIC activity and striatum activity are both important in the intrinsic-motivation neural system, and it also means that the interactive roles of these two brain regions are also critical. So the intrinsic-motivation neural system does reflect reward processing (associated with striatum activity), but it is also clearly distinct from the extensively investigated striatum reward system, in that AIC and AIC-striatum interactions are additional key inputs.
